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Gibberella zeae (anamorph: Fusarium graminearum) is the most common cause of Fusarium head blight (FHB) of wheat (Triticum aestivum) worldwide. Aggressiveness is the most important fungal trait affecting disease severity and stability of host resistance. Objectives were to analyze in two field experiments (i) segregation for aggressiveness among 120 progenies from each of two crosses of highly aggressive parents and (ii) stability of FHB resistance of seven moderately to highly resistant winter wheat cultivars against isolates varying for aggressiveness. Aggressiveness was measured as FHB severity per plot, Fusarium exoantigen absorbance, and deoxynivalenol content. In the first experiment, mean FHB ratings were 20 to 49% across environments and progeny. Significant genotypic variation was detected in both crosses (P < 0.01). Isolate-environment interaction explained approximately half of the total variance. Two transgressive segregants were found in cross B across environments. Traits were significantly (P < 0.05) intercorrelated. In the second experiment, despite significant (P < 0.05) genotypic variance for cultivar and isolate, no significant (P > 0.05) interaction was observed for any trait. In conclusion, progeny of highly aggressive parents might exhibit increased aggressiveness due to recombination and may, therefore, adapt nonspecifically to increased quantitative host resistance.
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Fusarium head blight (FHB), caused by Gibberella zeae (Schwein.) Petch (anamorph: Fusarium graminearum Schwabe sensu lato) is a destructive disease of wheat of increasing worldwide importance due to reductions in yield and grain quality (25, 28) . Other species have been associated with FHB, primarily Fusarium culmorum (W. G. Sm.) Sacc. and G. avenacea R. J. Cook (anamorph: F. avenaceum); however, G. zeae is the dominant pathogen in the United States and has been increasing in importance in Europe as well (45, 46) . These species all can contaminate grain with trichothecene mycotoxins (e.g., deoxynivalenol [DON] and nivalenol) that are harmful to human and animal health (12, 21) . Mycotoxin contamination of grain is of increasing importance to farmers in Europe, where legally enforceable limits in grains and food products apply (43) .
Most efforts to mitigate this disease focus on breeding wheat cultivars with increased FHB resistance (1, 4, 19, 23) . Resistance in wheat is quantitatively inherited (i.e., by the presence of several genes with a high dependence on environment). At present, 176 quantitative trait loci (QTL) are published that can be combined to 19 independent meta-QTL (23) . The most widely used source of FHB resistance is the Chinese spring wheat cv. Sumai 3, that was released in 1970 in the Jiangsu Province and frequently involved in crossing programs. Sumai 3 and its derivatives carry a major QTL on chromosome 3B (Fhb1) that is the most exploited resistance QTL (1, 32) . Host resistance that is continuously increasing but that depends on only one or a few QTL could select for aggressiveness or increased mycotoxin production. Successful adaptation of fungal populations to hosts with higher resistance levels depends on the genetic basis of aggressiveness and the ability of mutation, recombination, and gene flow to generate novel genotypes with selectable advantages. High aggressiveness (i.e., a high quantity of disease induced by a pathogenic isolate on a susceptible host in a non-race-specific pathosystem) (41) ensures the survival of the pathogen during the host growth period and implies a high amount of asexual spore production induced by the high amount of wheat tissue infected. Aggressiveness by G. zeae is quantitatively inherited (i.e., by several genes with a relatively small contribution of each gene) (9,10), and wide genotypic variation for this trait is present in this fungus (17, 28) . Following sexual recombination, transgressive segregation for isolate aggressiveness and DON production can occur frequently when the parents are of moderate aggressiveness (10) . Thus, recombination alone may suffice to increase aggressiveness in some field populations of G. zeae.
The high level of variation in neutral markers (15, 16, 30, 37, 47 ) is consistent with a hypothesis of significant sexual outcrossing under field conditions by this homothallic fungus (5, 21) . Although genetic distance and geographic distance may be correlated (37, 47) , most of the local populations examined share most of the genetic variation in the meta-population, with generally low differentiation among subpopulations (low G ST values) and relatively few identified unique alleles.
Genetic variation within a population is a prerequisite for effective selection. Host-isolate interactions could trigger a directed response by G. zeae populations to adapt to increased host resistance. However, the evidence for this type of interaction in the wheat-G. zeae interaction generally is lacking (39, 42) . These studies, however, included a maximum array of aggressiveness and host resistance, a fact that might lead to scaling effects. It is not clear whether the absence of interactions is upheld when only highly aggressive and highly resistant entries are included. Given this population structure and interaction pattern, the ability of G. zeae to overcome host resistance might evolve only slowly. Pathogen aggressiveness toward wheat might be expected to increase according to the level of host resistance if superior aggressiveness is an important part of the fungus's overall fitness. If recombination occurs within G. zeae populations in nature, a fact that is not experimentally proven up to now (5, 15) , then the speed at which the aggressiveness increases will be much faster than accumulation of quantitative increases in aggressiveness by recurrent mutation.
Our general objective was to evaluate the amount of segregation variance when already highly aggressive parents are crossed, and the effect on host resistance. In particular, we aimed to determine (i) the phenotypic range of aggressiveness on wheat among progeny of two sexual crosses, (ii) whether transgressive segregants for increased aggressiveness can be recovered from these crosses, and (iii) whether highly aggressive isolates infect wheat cultivars with moderate to high FHB resistance relatively higher than isolates with low aggressiveness, thus leading to a significant isolate-cultivar interaction. This research will help to determine whether there is a detectable quantitative upper limit of aggressiveness in G. zeae field populations, and provides some information as to whether this upper limit exceeds the resistance capabilities of available, currently released wheat cultivars.
MATERIALS AND METHODS
Two field experiments were conducted: (i) progeny test with 120 isolates per cross inoculated on one wheat cultivar and (ii) isolate-cultivar test with 11 isolates selected for their high aggressiveness inoculated on seven wheat cultivars.
Fungal isolates and crosses. Four lineage 7 field isolates of G. zeae (21, 31) isolated from wheat were evaluated in addition to the progeny from crosses between these isolates. FG07 was collected from a wheat kernel in Croatia in 1987 by S. Tomasovic. FG96 was collected from a wheat head in Romania by M. Ittu in 2007. FG3211 was collected from a wheat head in Germany in 1992 (29) . FG153 was the most aggressive progeny from the cross FG3211 × FG24 (11) . The other isolates were also preselected for high aggressiveness to wheat in previous field studies (10, 29) .
FG24 is a moderately aggressive isolate collected from a wheat head in Hungary (29) , whereas FC46 (=IPO 39-01) is a highly aggressive isolate of F. culmorum collected from a wheat head in the Netherlands in 1966 (39) . Both isolates proved their reliable specific level of aggressiveness in previous studies including the present locations (11, 19) and, therefore, were used as controls.
Crosses of G. zeae were made as previously described by Bowden and Leslie (5) . Wild-type progeny were collected as described by Jurgenson et al. (20) . Two crosses were made: cross "A", FG07 × FG153 and cross "B", FG96 × FG3211, with 120 single ascospore progeny recovered from each cross. No more than 20 colonies were recovered from a single carrot agar plate to reduce the probability that multiple ascospores from the same meiotic event were included in the analysis (5) . All progeny were purified by subculture of a single macroconidium isolated following micromanipulation.
Inoculum production and inoculation. All progeny from both crosses were incubated on SNA medium (21) in petri dishes (50 mm in diameter) at room temperature (18 to 21°C) for 24 h and then transferred to an incubator with continuous black lights (Philips TLO, 40W/80; Royal Philips Electronics, Amsterdam, The Netherlands) at 20°C for 3 days until macroconidia formed.
For mass production, macroconidia were washed from the plates with sterile tap water into Erlenmeyer flasks containing 150 ml of nutrient-poor liquid medium (34) . Cultures in flasks were grown on an orbital shaker (110 rpm) with continuous black light illumination for 1 week at 18°C. Macroconidia were harvested by washing. The spore suspensions were adjusted to 2 × 10 5 spores/ml following a count in a hemacytometer and frozen at -20°C in 100-ml aliquots until used for inoculations. Spore germination rate was checked prior to inoculation and was >90% in all instances. One aliquot was used to inoculate one field plot. Stored spore suspensions were thawed for 2 h at room temperature (18 to 21°C) prior to application. Spores were inoculated on the wheat heads of each plot at full flowering with a hand atomizer with constant air pressure of 3 bar. All 120 progeny of each cross plus parental isolates and standards were inoculated on the same day.
Wheat cultivars. In experiment 1, one winter wheat cultivar (Certo) and, in experiment 2, six winter wheat cultivars from the German National List of Cultivars (2) and a French cultivar (Apache) were used in these studies. These cultivars are rated for resistance to FHB by the German Federal Office for Plant Varieties (2) on a 1 to 9 scale, with 1 as fully resistant and 9 as fully susceptible. We used three resistant cultivars: Romanus (FHB rating 2), Solitär (rating 2) and History (rating 3). We also used four moderately resistant cultivars: Apache (estimated rating 4), Biscay (rating 5), Certo (rating 5), and Tommi (rating 5). Experiment 1. Progeny field tests. All 120 single-ascospore isolates from both crosses, the four parents (FG07, FG96, FG153, and FG3211), and the moderately aggressive isolate FG24 were analyzed on the moderately resistant German winter wheat cv. Certo. Certo was planted at each of two locations in 2006 and 2007: Hohenheim (longitude 9°19, latitude 48°71, altitude 400 m, 8.8°C mean annual temperature, 697 mm mean annual precipitation) and Eckartsweier (longitude 7°85, latitude 48°53, altitude 141 m, 9.9°C mean annual temperature, 726 mm mean annual precipitation). Two-row microplots (1 m in length and 0.42 m wide) containing 200 wheat heads were arranged in a chessboard design (i.e., each plot with an entry [= isolate] was surrounded by four border plots of similar size that were planted with triticale [cv. Ticino] to reduce plot-plot interference caused by drifting or secondary distribution of spores). Plots were machine sown with 220 kernels m 2 , a seeding rate that results in a homogeneous wheat stand. To avoid infection by other pathogens, all plots were sprayed once with the fungicide Opus Top (Epoxiconazol at 84 g liter -1 ha -1 + Fenpropimorph at 250 g liter -1 ha -1 ; BASF, Ludwigshafen, Germany) shortly before head emergence. Progeny from both crosses were arranged in two separate randomized incomplete block designs, with two replications at each location, planted adjacent to one other. The appropriate parental isolates were grown in eight plots for each replicate to increase the accuracy of the comparisons. There was no irrigation. Plots were harvested by hand at maturity and threshed in a single-head thresher (Fa. Walter-Wintersteiger, Austria) and cleaned with reduced wind speed, and any remaining fragments of glumes and rachis were manually picked out. Cleaned wheat grain was ground in a commercial laboratory mill with a sieve size of 1 mm. Experiment 2. Isolate-cultivar field test. The three most aggressive isolates from each progeny set (A28, A40, and A86 from cross A and B77, B86, and B100 from cross B) in the 2006 field trials were tested in factorial inoculations in comparison with the four crossing parents and FC46. The experiment was planted in a randomized split-plot design with three replicates in 2007 at both Hohenheim and Eckartsweier. The seven winter wheat cvs. Apache, Biscay, Certo, History, Romanus, Solitär, and Tommi were arranged as main plots and planted in a chessboard design. Each plot was bordered by four plots of triticale as described above. The selected F. graminearum and F. culmorum isolates were randomized as subplots within the cultivars. Each cultivar was inoculated individually at full flowering. There was no additional irrigation. FHB rating. FHB severity was rated visually four times as the percentage of infected spikelets per plot (0 to 100%). In the progeny field test, all plots were inoculated and rated at the same dates because only one homogeneous wheat cultivar was used. In the isolate-cultivar field test, all cultivars were individually inoculated as they flowered and individual ratings of each single genotype were performed to achieve the same time interval between inoculation and FHB rating dates in each environment. Contamination with natural inoculum was negligible and could be verified in the wheat field surrounding the plots containing cv. Certo as negative control. Individual FHB ratings began with the onset of symptom development 14 days after wheat plant inoculation and were continued at 3-to 4-day intervals until the beginning of the yellow ripening stage. The rating reflects both the number of infected spikes per plot (type I resistance) and the number of infected spikelets per spike (type II resistance) in a single number. To compare FHB reactions, the arithmetic means of individual ratings (i.e., the mean FHB ratings) were used. The terminal FHB rating (i.e., the last rating in each environment) also is given even though it correlates well with the mean FHB rating (r > 0.9), because it is the maximum disease severity at the end of the epidemic. DON analysis. From each cross, the 15 most aggressive, the 15 least aggressive, and 12 (cross A) and 8 (cross B) moderately aggressive isolates were selected based on the field results in 2006. These samples were also analyzed after the 2007 field progeny test. Additionally, one plot per replication of the crossing parents and the FG24 control were analyzed. The selected set of isolates tested maintained the variation in the original population ( Fig. 1) while reducing the high costs of DON analyses. Addi- tionally, from experiment 2, all isolate-cultivar combinations were analyzed from both locations. Each of grain sample (5 g) was screened for DON by using a commercially available enzyme immunoassay (enzyme-linked immunosorbent assay [ELISA]) (RIDASCREEN FAST DON; R-Biopharm GmbH, Darmstadt, Germany) as described in detail by Cumagun et al. (11) . Reactions were read as optical density at 405 nm (OD 405 ). DON content was calculated by using software provided by and calibrated against five standard solutions in water (0, 0.22, 0.67, 2, and 6 ppm) supplied by the manufacturer of the immunoassay.
Fusarium exoantigen analysis. The same flour samples analyzed for DON also were analyzed for Fusarium exoantigen analysis. An immunoglobulin (IgG) preparation containing a Fusarium spp.-specific monoclonal antibody was applied in a double-antibody sandwich ELISA format as previously described (35) . The ELISA was carried out in NUNC MaxiSorb ELISA plates (code: 442404) as described by Clark and Adams (7) for monoclonal IgG (subclass IgG1). The same antibody preparation was conjugated with alkaline phosphatase (18) and used for detection of Fusarium antigens in wheat flour samples. Samples were prepared in a standard ELISA buffer (7) . Plates were coated with monoclonal IgG for 4 h at 37°C. After washing with phosphate-buffered saline Tween, the 1:10 diluted grain samples were incubated in the plates overnight at 4°C. After a second wash, the monoclonal alkaline phosphatase-conjugate was diluted 1:3000 and the plates incubated for 4 h at 37°C. The resulting substrate color was measured as OD 405 after 1 h of incubation at room temperature (18 to 21°C). These values reflect the amount of fungal biomass present but cannot be converted to a dry weight value. All samples were analyzed in duplicate.
Data analyses. All statistical analyses were based on singleplot data. The statistical analysis program PLABSTAT (40) was used for variance component estimation of FHB rating, DON, and Fusarium exoantigen contents. The independence and normal distribution of the residuals was verified by the PROC UNIVARIATE procedure of SAS (36); therefore, no transformation of data was needed.
Experiment 1-progeny tests. The year-location-combinations were analyzed as a series of environments with entry-means and effective error mean squares, considering environments as a random factor (8) . Variance components were calculated according to Snedecor and Cochran (38) . Broad-sense heritability (h 2 ) was estimated from an analysis of variance (ANOVA) on an entry-mean basis as the ratio of genotypic to phenotypic variance (14) . The G. zeae progeny were analyzed as incomplete blocks using the formula
e eff = effective error variance, and E = number of environments (8) . All factors were treated as random. For all traits, the significance of mean comparisons or transgressions was assessed with a t test (least significant difference).
Experiment 2-isolate-cultivar interactions. The factorial inoculations were analyzed in split-plot design, with cultivars as main plots and isolates as subplots (8) . Cultivars and isolates were considered fixed; therefore, only the mean squares are given.
RESULTS
Experiment 1: progeny field tests. Comparable high levels of mean disease severity were observed for both progeny sets and were 24 to 57% mean FHB rating (Table 1 ). Both progeny sets had significant (P < 0.01) genotypic variation in all of the environments. The weather conditions were more conducive for FHB infection and development in 2007 compared with 2006 with 3°C lower average daily maximum temperature, one-third less direct sunshine duration, and twice as much precipitation during the time of inoculation until the last conducted FHB rating. Hence, for both progeny sets, FHB severity was considerably higher in 2007 than in 2006, resulting in increases of the FHB means by 13% (Hohenheim, cross B) to 25% (Eckartsweier, cross B) at the same location between years (Fig. 1) . The differences in mean FHB rating between highly aggressive parental isolates and the moderately aggressive control isolate were less pronounced in 2007 than in 2006 in Hohenheim and were not significant in Eckartsweier in 2007.
Parental and progeny means of mean FHB rating were not different for the progeny of both crosses across all four environments (Table 2 ). Isolate and isolate-environment interaction effects were significant (P < 0.01) for mean FHB rating for both progeny sets, resulting in moderate heritability values (0.44 to 0.53). When year and location are considered separately in the ANOVA, isolate-year interaction variances are highly significant due to the variance in FHB severity levels in the 2 years (P < 0.01) (data not shown). Isolate-location interaction variances were not significant for either progeny set. If the progeny sets are evaluated across all four environments (location-year combinations), then the genotypic variation is considerably less than if the data from the individual years are analyzed separately (Fig. 1) , although significant genetic variation remained in both progeny sets after analysis across all four environments. In 2006, four segregants were identified among the progeny of cross A and two segregants among cross B that expressed a significantly transgressive phenotype for mean FHB rating across both locations. In 2007, one transgressive segregant was detected among cross A and two segregant among cross B across both locations. Analyzed across all four environments, two progenies of cross B remained to show transgressive aggressiveness (Table 3) . DON content and fungal biomass (measured as Fusarium exoantigen absorbance) were determined for the parents of the crosses, the selected isolates from both crosses, and the FG24 control from all four environments (Table 4) . Within the selected isolates, one transgressive segregant was observed among the progeny of cross A and three of cross B for increased DON production across all environments whereas, for fungal biomass, no transgressive segregants could be observed (data not shown). The selected progeny from cross B generally exceeded those of cross A for FHB severity, Fusarium exoantigen absorbance, and DON content. The high mean FHB rating in both years illustrates the high aggressiveness of the parental isolates. According to the complete progeny mean, FHB was more severe in 2007 than 2006. For DON content, the differences between years were not consistent. The Fusarium exoantigen absorbance differed twoto threefold between years but the differences were not significant. The FG24 control isolate was significantly less aggressive than the four parents in 2006, except for cross A in Eckartsweier. This difference was not observed in 2007, except for cross A in Hohenheim, illustrating again the high isolate-year interaction.
The correlation between Fusarium exoantigen absorbance and mean FHB rating was highly significant (P < 0.01) for both progeny sets with r = 0.71 for cross A and r = 0.54 for cross B (Fig. 2) . Similar significant correlations (P < 0.01) were found between DON content and mean FHB rating in the selected isolates from cross A (r = 0.64) and cross B (r = 0.74). However, the correlation coefficients for Fusarium exoantigen absorbance and DON content, although still significant (P < 0.05), were relatively low (r = 0.33 and 0.42). The isolate-dependent ratio of DON produced per unit of fungal biomass (Fusarium exoantigen absorbance) varied significantly (P < 0.01) in both progeny sets, ranging from 44 to 225 in cross A and from 52 to 358 in cross B. The correlations between mean FHB rating and the ratio of DON per unit of fungal biomass, however, were not significant for either progeny set (cross A: r = 0.24, cross B: r = 0.06).
Experiment 2: cultivar-isolate field test. Across the seven winter wheat cultivars inoculated with the 11 fungal isolates, the FHB severity was high, with an overall mean of 33% infected spikelets ( Table 5 ). The Eckartsweier trial had a significantly (P < 0.05) higher overall mean FHB rating (34.3%) than did the one at Hohenheim (31.2%). The isolates produced, on average, more than twice as much DON in Hohenheim (34.5 mg kg -1 ) as they did in Eckartsweier (15.2 mg kg -1 ), although this difference was not statistically significant (P > 0.05).
Significant variance was observed for the cultivars, the isolates, and the environments (Table 6 ). For mean FHB rating, the cultivar-environment and isolate-environment interactions were highly significant (P < 0.01), as seen in the tests of the cross progeny. In contrast to mean FHB rating for DON content, the cultivar-isolate-environment interaction accounted for most of the interaction variance. However, no significant interaction between fungal isolates and wheat cultivars was observed for either trait. The more aggressive isolates generally had the widest range of mean FHB rating and DON content across all cultivars (Table  7) . According to isolate aggressiveness, mean FHB rating and DON content increased significantly (P < 0.05) for all cultivars, with incremental increases as the level of cultivar FHB resistance declined. For example, mean FHB rating increased by 
DISCUSSION
Genetic variation within a population underlies the phenotypes that are possible within the population. Neutral variation in G. zeae is known to be extensive (15, 28, 37, 47, 48) (28, 48) .
Variation in aggressiveness also is known and the genetic constitution of isolates with similar levels of aggressiveness can differ (9) (10) (11) . The genetics of aggressiveness is not yet well understood. At least one locus with a major effect on aggressiveness has been identified, and a second QTL locus that maps in or near the trichothecene biosynthesis gene cluster also is known from a greenhouse study (9) . In both the current study and previous studies (10, 11) , the observed continuous variation and the similarity of the population and the parental means suggest that multiple genes with additive effects underlie the observed variation. In the current study, we found for the first time that even highly aggressive isolates were heterogeneous with respect to their genetic constitution for aggressiveness because transgressive segregants, which were more aggressive than the most aggressive parent, were recovered among the progeny of FG3211 × FG96 when analyzed across all locations. Although 2 transgressive isolates out of a progeny of 120 represent only 1.7%, the vast effective population size given in field epidemics (3,37,48) results in a considerable potential for increasing aggressiveness. Because the parents already showed high aggressiveness, one might have expected the aggressiveness of the progeny to reach an asymptotic maximum without significant transgressions. Hence, it is remarkable that, by contrast, the aggressiveness followed a wide normal distribution, furthermore resulting in transgressive isolates. As described by Cumagun and Miedaner (10) , the number of transgressive segregants largely increases among progeny of low or moderately aggressive parents.
In addition to variation in aggressiveness, we also measured variation in DON production and Fusarium exoantigen absorbance indicating fungal biomass. Although significant, we found only low coefficients of correlation for increased Fusarium exoantigen absorbance and production of DON in both crosses in this study (FG07 × FG153: r = 0.43; FG3211 × FG96: r = 0.34).
Previous work has found a much stronger correlation between fungal biomass and DON production than we did (6, 22, 27) . Burlakoti et al. (6) also observed a tight correlation (r = 0.89) between fungal biomass, measured as fungal DNA content, and DON production in a greenhouse experiment, and concluded that there was a constant amount of DON produced per unit of fungal biomass. The lack of a significant correlation between the mean FHB rating and the ratio of DON produced per unit of fungal biomass in the present study argues against these conclusions and supports those of Miedaner et al. (29) , who found that this ratio was not constant in field studies. Fungal biomass might be more important than DON production in terms of the amount of FHB that occurs, because the increase in disease severity between 2006 and 2007 was accompanied by increases in Fusarium exoantigen absorbance representing fungal biomass but not necessarily in DON production (Table 4) . Our results are consistent with the hypothesis that DON is not a basic pathogenicity factor but, rather, is required at a threshold level for the inhibition of host resistance reactions and enables fungal spread within the wheat spike (24) . Accordingly, by using a trichothecene-deficient isolate, Proctor et al. (33) found a reduced aggressiveness rather than nonaggressiveness.
Isolate-environment interaction accounted for much of the variation observed in the analysis of both sets of progeny. The isolate-environment interaction variance exceeded the genetic variance in isolate aggressiveness considerably, explaining to some extent the reduced heritability of mean FHB rating in both progeny. If the isolate-environment interaction is broken down further, there is no significant (P < 0.05) isolate-location interaction, whereas the isolate-year interaction was significant for mean FHB rating, fungal biomass, and DON content. The weather conditions in 2007 were very conducive to infection and disease development; mean FHB rating and Fusarium exoantigen content increased considerably for all isolates, whereas the DON content remained fairly constant at both locations between years for the progeny (Table 4 ). The large difference between highly aggressive parental isolates and the moderately aggressive isolate FG24 in 2006 almost vanished in 2007 whereas the highly aggressive transgressive isolate B100 in 2006 showed even less disease in Hohenheim 2007 than both parents. This change suggests that increased aggressiveness is more beneficial in years that are unfavorable for the disease. The frequency of the highly aggressive isolates could even decrease in years with favorable disease conditions if there are a large number of moderately aggressive isolates in the population and if these isolates have selective advantages for other fitness traits. Depending on the phenotypes present in the population, selection for aggressiveness could operate in an episodic or a balanced manner. There is no generally recognized interaction between wheat genotypes and fungal isolates that cause FHB (3, 39, 42) . In studies where specific interactions were noted (13, 26) , the isolates evaluated varied widely in aggressiveness and the interaction was rather caused by scaling effects than by changes in rank order. ANOVA for such studies results in a significant host-isolate interaction but the rank order of the wheat genotypes does not change. Thus, all of the isolates we used in our isolate-cultivar interaction study were selected to be highly aggressive, and the resulting isolate variance was small and due primarily to FG07, which was significantly (P < 0.05) less aggressive than FC46, and to B100, which was more aggressive than FC46 (Table 6 ). We observed no significant cultivar-isolate interaction and the cultivar rankings also were consistent across isolates, indicating that the host cultivar plays no specific role in the genetic composition of the pathogen population. Cultivars that are moderately resistant to FHB varied more with respect to disease severity and DON accumulation between the different isolates than did the highly resistant cultivars. As isolate aggressiveness increased, the moderately resistant cultivars showed considerable incremental increases in FHB severity and DON production. The Eckartsweier trial showed significantly higher mean FHB and terminal FHB rating and, at the same time, half as much DON content than the Hohenheim trial, although the latter was not significant. Considering the significant isolate-cultivar-environment interaction for DON content, this supports the hypothesis that, under environmental conditions assisting the competitiveness of the fungus, less DON is required to sufficiently inhibit host resistance reactions.
However, it can be clearly seen from Table 7 that even moderately resistant cultivars such as Romanus, which carries at least eight QTL for FHB resistance (19) , suffer significantly (P < 0.05) more from isolates with heightened aggressiveness in terms of FHB severity and DON accumulation. Hence, based on the present results, a high level of resistance considerably weakens the impact of significantly increasing isolate aggressiveness; however, this cannot be considered as stable across environments.
For a durable control of FHB by cultivar resistance, it is of the utmost importance to know whether Fusarium populations will shift to higher aggressiveness and mycotoxin concentrations when they are confronted with resistant cultivars on large acreages. G. zeae populations have already shown their ability for temporary and regional changes concerning their chemotype (44) and fungicide sensitivity (15) . Current wheat breeding efforts (19) focus on identifying and incorporating multiple QTL for FHB resistance into a single cultivar. This incremental approach to increasing disease resistance also might result in an incremental increase in aggressiveness within the pathogen population. Despite the fact that no specific isolate-cultivar interaction was observed in this study, continuously improved host resistance of cultivars grown on large acreages might represent a constant unspecific selection pressure on Fusarium populations for heightened aggressiveness. Hence, if the selection is of an episodic nature (i.e., more aggressive isolates are always more fit than less aggressive and selection for aggressiveness generally occurs during conditions that are less conducive for disease development), then the aggressiveness of the pathogen population should increase with time. In addition to the selection pressure, the amount of recombination resulting in more aggressive genotypes also will be important. In G. zeae, both linkage of the genes underlying the aggressiveness phenotype and the frequency of outcrossing under field conditions are important parameters whose values are unknown. The rate at which such increased aggressiveness develops will depend on the selective pressure for it and the rate at which the aggressive genotypes are created by recombination or mutation in the field. Given the episodic nature of the selection, the increase in aggressiveness probably will not be rapid. If aggressiveness is subject to balancing selection (i.e., highly aggressive isolates favored under adverse conditions for disease development and poorly or moderately aggressive isolates under favorable conditions), then the fungal population may be unable to continuously increase in aggressiveness due to the inconsistent selection for the highly aggressive isolates. Under such conditions, continued increases in host resistance should eventually suffice to control the disease. Further research is required to differentiate these two hypotheses, and regular fungal population surveillance will be required to evaluate if, and if so, which form of selection is currently operating on the fungi responsible for FHB.
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